Abstract-The aim of this paper is to study the impact of channel state information on the design of cooperative transmission protocols. This is motivated by the fact that the performance gain achieved by cooperative diversity comes at the price of the extra bandwidth resource consumption. Several opportunistic relaying strategies are developed to fully utilize the different types of a priori channel information. The analytical and numerical results demonstrate that the use of such a priori information increases the spectral efficiency of cooperative diversity, especially at low signal-to-noise ratio.
the three cooperative protocols. The analytical results, which are shown to fit well with the Monte-Carlo simulations, prove the intuitive result that the more a priori channel information available, the higher spectral efficiency the cooperative system can achieve. In general, the more relay nodes a system uses, the higher diversity it reaches, except for the ideal case that full diversity can be achieved with only one relay link. The benefit of utilizing CSI can be demonstrated by the fact that the use of a priori channel information can efficiently suppress the performance loss at low SNR of a cooperative protocol with multiple relays.
II. DESCRIPTION AND PERFORMANCE ANALYSIS OF OPPORTUNISTIC RELAY PROTOCOLS
Consider a cooperative network with one source and one destination node, and N relaying nodes. For simplisity, protocols studied in this paper are based on time division schemes as in [1] , where only one node is transmitting at each time slot 1 . During the first time slot, only the source node transmits, and all the other nodes are listening. During the following time slots, the multiple relays then forward the received signals to the destination one by one. The decode-and-forward strategy is considered here, where each relay is assumed to have the same short-term power constraint. Furthermore, it is assumed that the source is responsible for selecting the relay nodes. Such an assumption is valid for the downlink scenario in cellular systems where the base station has more capability than handsets, or for ad hoc networks where the source initializes communication and then routing protocols decide the one-hop intermediate destination nodes, together with their relays. For the scenario with multiple source-destination pairs, or relay nodes transmitting simultaneously, a cooperative scheme has been recently proposed in [9] where the problems of group formation and partner selection are addressed. Furthermore an opportunistic approach is proposed in [10] to further cope with co-channel interference caused by multiple simultaneous transmission.
To improve the spectral efficiency, a priori channel information is exploited by the source node. In this paper, we assume the transmitter has the access to channel information similar to [7] . Due to the time varying nature of wireless channels, instantaneous channel measurements fed back from the receivers may not always be valid, while the order information is more reliable. Here, the order information ranks the conditions for different channels from best to worst. Thus, a transmitter can have two types of information: exact channel state information (CSI), or order information. In general, according to how much system overhead caused by feedback is allowed, the a priori CSI acquired at the source node can be categorized into three cases as shown in following.
• Type I CSI: Only the order information of the sourcerelay channels available at the source node; • Type II CSI: Exact value CSI of the source-relay channels available at the source node; • Type IIi CSI: Exact value CSI of the source-relay and relay-destination channels available at the source node.
To fully utilize the available channel information, different cooperative strategies are developed as below.
• Opportunistic n-Relay Scheme with Type I CSI: With the order information of the source-relay channels, the best n relays are chosen. Following similar steps in [1] , each of the n scheduled relays will forward the overheard information only if it can decode the source information successfully, otherwise it will keep silent.
• Opportunistic Relay Scheme with Type II CSI: With the exact CSI from the source to relay nodes, the source knows the n relays which can receive the source information reliably. A question is then whether all or part of the n nodes should be chosen.
-Opportunistic m-Relay Scheme with Type II CSI: Only the best m of all reliable relays will be used for the cooperative transmission (Tx). For the case of m > n, only the n reliable relays will be used. -Opportunistic n-Relay Scheme with Type II CSI:
All reliable relays will be used for the cooperative transmission.
• Opportunistic Best-Relay Scheme with Type III CSI: Among the n relays which can receive source information reliably, only the one having the best quality of the relaydestination channel will be chosen.
The following theorem collects the explicit expressions of the outage probability for the four cooperative strategies. Due to space limitation, only high SNR approximations are provided here, where the exact expressions can be easily obtained following the steps in the Appendix.
Theorem 1:
The outage probability of the proposed opportunistic cooperative transmission strategies at high SNR can be approximated as 
where ρ denotes the signal-to-noise ratio and α n = 2 (n+1)R − 1.
Proof: See Appendix The results provided by Theorem 1 are explicit in studying the diversity gain since all expressions can be written as P out = Cρ −d , where C is a constant and d denotes the diversity gain. One remark from Theorem 1 is that both the n-relay scheme with type II CSI and the best relay scheme achieve the full diversity gain N . Provided m = n, the m-relay scheme with type II CSI has the same diversity gain as the n-relay scheme with type I CSI, but an interesting question is whether they achieve the same error performance. In the next section, the performance of the devised protocols will be studied in more detail by using analytical and numerical results.
III. NUMERICAL RESULTS
In this section, numerical simulations are presented to verify the analytical results obtained above, where the number of the possible relaying nodes is N = 5 and the data rate at the source node is set as R = 1bit/sec/Hz. Fig. 1 plots the outage probabilities of the scheme with Type I CSI. The curves obtained by the Monte Carlo simulation and our analytical results are almost overlapping, which verifies the accuracy of the analytical results. Compared with the error performance of the random relay scheme shown in [1] , [4] , it can be easily observed that the use of partial CSI can yield extra performance gain. However, the proposed cooperative scheme with type I CSI still suffers some performance loss compared with direct transmission at low SNR, which motivates other types of cooperative schemes.
In the second example, Fig. 2 shows the outage probabilities of the scheme with Type II CSI. Again, the curves obtained by the analytical and Monte Carlo simulations match very well. With the exact value of CSI available, it can be ensured that the scheduled relay is helpful for reception reliability. As expected, with the exact CSI information at the source, the performance loss at low SNR is reduced.
In the last example, we investigate the best-relay scheme as well as other schemes studied in this paper. It is shown in Fig.  3 that the best-relay scheme has the best performance among all of the schemes. Specifically, at high SNR, the curves for the best-relay scheme, the five-relay scheme with Type I CSI and the five-relay scheme with Type II CSI have the same slope, since all of them can achieve the full diversity order. At low SNR, on the other hand, the best-relay scheme and those with Type II CSI can effectively suppress the performance loss, while the scheme with Type I can not.
IV. CONCLUSION
This paper studies the impact of CSI on the design of cooperative transmission protocols. Several opportunistic cooperative protocols were devised to fully utilize the available information. The analytical and numerical results showed that the use of CSI can effectively improve the bandwidth efficiency of cooperative diversity.
APPENDIX
Proof of Theorem 1: The proof for Theorem 1 will be divided into four sections shown in the following.
Proof of Equation (1): First define x (i) = |h si | 2 where h si denotes the coefficient of the Rayleigh fading channel from the source to the ith relay node. Without losing any generality, it is assumed that
Recall that only the n best relay nodes are chosen to participate in communication. Since the exact values of CSI are unknown, the channels between the source and the chosen n relays can still suffer deep fading. It is assumed that the chosen relaying node will forward the source information if x (i) > γ n , otherwise it keeps silent. So there will be n + 1 possible values for the number of the successful relays. Define γ n =
The outage probability of the system can be expressed as
Provided O k happened, the realized mutual information can be written as I = 1 n+1 log 1 + ρ k i=0 y i , where y i denotes the ith observation at the destination and the factor 1 n+1 is due to the fact that relaying transmission will consume n extra channel uses compared with direct transmission. Furthermore, we obtain P (I < R) = P k i=0 y i < γ n , which needs the PDF of the variable k i=0 y i . Since Rayleigh fading is assumed, k i=0 y i will be Chi-square distributed with 2(k +1) degrees of freedom, whose PDF is f sum (z) =
k! . Hence we have
where the second and third equations use the exponential expansion. The probability of those events O k can be obtained by dividing into three categories.
The probability for these events can be written as
So by using order statistics, the outage probability can be obtained as
Again with the help of the exponential expansion, the outage probability can be approximated at high SNR as
Recall the PDF of the variable
N −1 . Hence the probability can be obtained as
Note that P (O 0 ) can expressed as a special case of (8) for k = 0.
One way to find P (O n ) is to use the following expression
where f xN−n+1 (x) could be found by using order statistics. However its result is implicit and difficult to use. So we use an alternative way to find it by dividing O n into the following N − n + 1 independent events.
It is interesting to find that P (O n,m ) can be calculated by using (8) for n ≤ m ≤ (N − 1), which means
Hence the PDF of x (1) is required, which can be expressed
And we have
Interestingly, it is also the special case of (13) with m = N . Now the probability for O n can be written as
By combining (6), (8) and (16), the first part of Theorem 1 is proved. 
x n−2 < γ 3 ?
x n−1 < γ 2 ? Fig. 4 . The tree structure for the probability of the event that there are n successful relaying nodes.
Proof of Equation (2): For the opportunistic n-Relay scheme with type II CSI, recall that all the reliable n relay nodes will forward the source information to the destination. Hence the outage event will be either caused by the poor link quality between the relay and destination nodes, or there is no qualified relay node existing, n = 0. Hence the outage probability for this scheme can be written as
where the threshold is now a function of the number of the used relay nodes. The first factor of the product in (17) is the same as the results developed before and can be written as
As illustrated by Fig. 4 , the probability of the event that there are n successful relays can be expressed as
for 0 < n < N. The probability of the two specific events n = 0 and n = N can be easily calculated. Combining (17), (18) and (19), the second part of Theorem 1 is obtained.
Proof of Equation (3): Since the best m nodes are chosen from the n qualified nodes, the outage event is caused by either deep fading between the relay and destination nodes, or the non existence of a qualifying relay node, i.e. n = 0. Then the outage probability can be written as
P (I n < γ n | n = n)P (n = n).
Since the probability of the event n = k and I m < γ m can be obtained from (18) and (19) respectively, the third part of the proof for Theorem 1 can follows easily.
Proof of Equation (4): With Type III CSI both the sourceto-relay and the relay-to-destination CSI are available, the source node first specifies the qualifying relay nodes that can successfully decode the information. Then it ranks the relay to destination channels for all of the n specified relay nodes, without losing generality, in an ascendant order as z (1) ≤ · · · ≤ z (n) , where z (i) = |h i | 2 is the norm of the channel value from the ith chosen relay node to the destination. Finally the source chooses the best link for cooperation. Hence the outage probability can be written as P out = N n=0 P (y 0 + z (n) < γ(1)|n = n)P (n = n), (21) where y 0 is the channel fading from the source to the destination. The probability P (n = n) has been provided in (19). And the probability P (y 0 + z (n) < γ(1)|n = n) can be easily obtained since the PDF of z (n) can be found by using order statistics. Due to space limitation, the detail of the calculation is omitted here, where similar steps can be found from [11] . After obtaining the expression of the probabilities P (y 0 + z (n) < γ(1)|n = n) and P (n = n), the fourth part of Theorem 1 can be proved.
